T h e CATH database of protein structures contains -18000 domains organized according to , could be used to assign structural data to between 22 and 36% of microbial genomes in order to improve functional annotation and enhance understanding of biological mechanism. However, on a cautionary note, an analysis of functional conservation within fold groups and homologous superfamilies in the C A T H database,
tween evolutionary related structures (homologues) within the database have been used to test the sensitivity of various sequence search methods in order to identify relatives in Genbank and other sequence databases [2] . Subsequent application of the most sensitive and efficient algorithms, gapped blast and the profile based method, Position Specific Iterated Basic Local Alignment Tool (PSI-BLAST) [3] , could be used to assign structural data to between 22 and 36% of microbial genomes in order to improve functional annotation and enhance understanding of biological mechanism. However, on a cautionary note, an analysis of functional conservation within fold groups and homologous superfamilies in the C A T H database,
Introduction
There are nearly 20 000 known domain structures in the Protein Databank [4] now held in the Research Collaboratory for Protein Structures at Rutgers University. These data still lag considerably behind the known sequences (-400000 currently in Genbank). However, with the advent of the structure genomic initiatives [S] we can expect the numbers to increase substantially and there are suggestions that we may know all the major folds in nature within the next 5 years. Once their structures have been determined, interest will focus on methods for assigning functional properties to these proteins.
In order to recognize and understand structural and functional relationships between proteins, we have clustered all the known structures into fold groups and evolutionary superfamilies using a combination of automatic and manual methods. Sequences are first compared to identify close homologues ( 3 35 yo sequence identity). DALI also provides neighbour lists for each known structure which identify related proteins from close homologues through to proteins sharing common structural motifs (e.g. p~@ motifs). A related resource ENTREZ [17] has been set up at the NCBI in the U.S.A.
Below we describe some recently developed methods for improving the assignment of homologous protein structures in the CATH database. Techniques have also been established for identifying relatives in the genome sequences, and these additional data will in turn further improve our detection of remote homologues. Finally, we consider how well functional properties are conserved within different fold groups and homologous families in CATH. T h e results have implications for the structural genome initiatives which aim to improve the functional annotation of genome sequences by determining structural data for all the major protein families.
New methods for assigning homologous proteins in the CATH domain database
Distant structural homologues are assigned to CATH fold groups and superfamilies using the SSAP structure comparison algorithm [7] . This returns a normalized score in the range of 0-100, independent of the sizes of the proteins. Protein
I
pairs scoring above 70 have very similar folds, whilst scores of 80 and above are often found to be homologous, exhibiting common or related functions. Before being assigned to the same homologous superfamily, further evidence of evolutionary origin is sought. Information on protein function is examined, both from the literature and public databases (e.g. SWISS-PROT, Enzyme Database).
Three-dimensional structural profiles to detect very distant homologues
We have recently developed a more sensitive procedure for recognizing very distant evolutionary relatives. This used three-dimensional profiles for each homologous superfamily in the CATH database, generated from multiple alignments of selected relatives in each family, using the program CORA [8]. CORA selects the most distant relatives from the family which retain sufficient structural similarity (SSAP similarity score 3 75) to obtain a reliable multiple alignment. Conserved structural positions and their associated structural properties (e.g. average accessibility and distances to other positions in the protein) are identified from the alignment and encoded in a threedimensional template which can be scanned were identified using PSI-BLAST, 2.9% were classified using combined sequencelsttucture criteria (SSAP > 80, sequence identity > 25%). 4.6% of domain were assigned using structural similarity (SSAP > 70) and DHS t o manually validate functions.
6.9% of folds were new superfamilies and I I .8% novel folds.
against any newly determined structures to identify probable homologues. Tests showed that the templates were significantly more sensitive at recognizing homologues than pairwise comparison methods. Since one template replaces several representatives for many CATH families, considerable increases in speed, of between 20-and 100-fold, were obtained. This should enable CATH to keep pace with the flood of new structures expected from the structure genomic initiatives [S] .
Validating homologues by comparison of functional properties
In order to facilitate the process of validating evolutionary relationships and to provide consensus, structural and function data for each superfamily in CATH; we recently set up a Dictionary of Homologous Superfamilies (DHS). This is a Web-based resource which summarizes functional data for each protein family containing more than two non-identical relatives. Figure 2 shows the proportion of recently determined structures which could be assigned to homologous families on the basis of sequence or structure and functional similarity. Interestingly, only about 11 % of the dataset were found to be unique folds, supporting the common hypothesis of a limited number of folds available in nature [18, 19] One of the most powerful methods for validating homologues uses data on protein-ligand interactions. These are identified from the threedimensional coordinates by the program GROW [20] and can be shown in a diagrammatic representation (DOMPLOT) [21] which highlights sequence motifs extracted from PROSITE [22] often associated with functionally important residues. DOMPLOT can be used to illustrate the position of conserved ligand-interacting residues across a family of related structures. Figure 3 shows an example for a group of flavin-binding T I M barrel structures. Despite having T I M barrel folds, the evolutionary ancestry of these proteins was unclear as their sequence identities T h e possibility of both fold similarity and common ligand positions occurring by chance is extremely low and suggests an evolutionary link between these proteins.
Population of fold groups and evolutionary superfamilies in CATH
There are 18000 domain structures in the latest release of C A T H (release 1.6, June 1999). sandwiches, and or@-barrel). Furthermore, some of these architectures contain highly favoured folding arrangements, which we describe as superfolds [19] because of the diversity of sequences and functions they support. More than one-third of superfamilies in CATH belong to the superfolds.
Assigning structural data to homologous sequences in the genomes
Despite the exponential increases in the numbers of known protein structures, the number of distinct fold groups has increased much more slowly, with the number currently less than 700. This supports the hypotheses of Chothia [18] and other workers [19] who show that due to the physical constraints on secondary structure packing, there may only be a few thousand folds available in Nature. Bearing this in mind, we may soon have structural representatives for many of the major protein families and it is interesting to see what proportion of genome sequences can currently be assigned to the known structural families. T o find out, we must apply highly sensitive sequence search algorithms to recognize as many distant homologues as possible.
Pairwise sequence comparison methods (e.g. [6, 23] ) are only reliable to about 30% sequence identity between proteins. More distant relatives are generally recognized using profile-based methods. In order to assess the performance of several sequence search strategies we used a sequence dataset based on CATH superfamilies. This allowed us to identify the most sensitive methods and determine the most reliable thresholds for using them. Interestingly, our results showed that the pairwise gapped blast algorithm was as sensitive as Smith-Waterman for a tenfold increase in speed. All the pairwise methods could be improved by using intermediate sequences [24] , whereby two extremely distant homologues scoring below the cut-off can be linked by significant matches to a single intermediate. However, the recently developed PSI-BLAST [3] , an interactive profile-based method which generates a position-specific score matrix from a multiple alignment of relatives, was clearly the most sensitive of all the approaches we tested, identifying nearly 70yA of all the homologous pairs in the CATH dataset.
Using the optimal parameters established in these trials, we subsequently developed a protocol for both PSI-BLAST and gapped BLAST to find relatives to all the CATH structural superfamilies in 11 microbial genomes. Gapped BLAST is much faster than PSI-BLAST and can be used in a firstpass strategy to identify close homologues in the genomes, before attempting to capture very remote homologues with PSI-BLAST. Using this approach, we assigned structural data to between 22 and 36 yo of the sequences in each genome [2] . Similar statistics have been obtained by other groups [25, 26] . Structure prediction techniques, such as one-dimensional-three-dimensional profiles [27] or threading [28] , can detect even more distant relationships and assign folds to nearly 50 yo of microbial genomes or 26 Yo of the yeast genome.
T h e value of mapping sequence to structure data lies in opportunities to inherit or infer functional properties or to improve our understanding of such properties by considering their structural context. However, it is well known in the sequence community that functional assignment by inheritance can often be inaccurate [29] . We decided, therefore, to review the correlation between protein structure and function using the CATH database and associated functional data from the SWISS-PROT and the Enzyme Databases.
Functional conservation in protein folds and evolutionary families
Our analysis was based on enzyme families in CATH, as this allowed us to easily compare functional properties on the basis of their enzyme classification numbers extracted from the Enzyme Database [30] . We found that the majority of fold groups (> 95%) contain protein families with common functional properties. However, the superfolds exhibited considerable functional variation, in particular the T I M barrel folds with more than 40 different observed functions and the Rossmann folds with more than 50 different functions. Considering homologous superfamilies, nearly 55 yo had completely conserved functions. In a further 20 yo, function was conserved to the third EC number, which generally meant that the substrate had changed but the active site and catalytic mechanism were conserved. In 10% of families the function had changed completely.
These observations have important implications for the genome projects, and suggest that in some fold groups and families great care must be taken when inheriting functional properties from a structural relative, although it will obviously depend on how distant the relatives are. However, by considering the variation in functional properties across the family, it is possible to assess how reliably functional characteristics might be shared. Furthermore, by considering ligand interaction data, it is sometimes possible to assess whether relatives are using common active sites and hence make reasonable predictions regarding the possible changes in function arising from mutations in key residues within these sites.
Conclusions
T h e CATH database of protein domain structural families has been set up as a Web-based resource, which can be used for examining structural and functional properties in protein families for which structures have been determined. By incorporating functional data from other public databases (e. g. SWISS-PROT, ENZYME Database) and information on key residues involved in function, we have been able to analyse the correlation between structure and function for enzyme families in CATH. We were also able to identify those families where the structural frameworks tolerate extensive substitutions and support a wide range of different functions. Inheriting functions for genome sequences assigned to these fold groups and families should be done as cautiously as possible. 
